Enhancement of the defensive withdrawal reflex ofAplysia involves a prolongation of the action potentials of mechanosensory neurons, which contributes to facilitation of transmitter release from these cells. Recent reports have suggested that whereas cAMP-dependent modulation of K+ current increases sensory neuron excitability, a cAMP-independent decrease in K+ current may increase the action potential duration and, thus, facilitate transmitter release. We have tested this proposal using Walsh cAMP-dependent protein kinase inhibitor or activators of the cAMP cascade and found that cAMP plays a major role in the spike-broadening effects of facilitatory transmitter; however, broadening requires higher levels of activation of the cAMP-dependent kinase than does increasing excitability. A steeply voltage-dependent transient K+ current, termed IKv,ealy, and the slowly activating S-type K+ (S-K+) current are both reduced by activation of the cAMP cascade, although with different sensitivities to the second messenger, enabling excitability and spike duration to be regulated independently. Differences in cAMP sensitivity also suggested that the originally described S-K+ current actually consists of two independent components, a slowly activating component and a time-independent, "steady-state" current that is activated at rest.
During both sensitization and classical conditioning of defensive withdrawal reflexes in Aplysia, increased transmitter release from sensory neurons (SNs) (1) (2) (3) (4) contributes to the enhancement of withdrawal responses. One important mechanism for short-term facilitation of transmitter release is a prolongation of the presynaptic action potential (5) (6) (7) , which increases the Ca2+ influx during each spike (8) . This spike broadening results from a decrease in outward K+ current (5) triggered by facilitatory transmitters, primarily serotonin (5-HT) (9, 19) , that are released by sensitizing stimuli.
Several K+ currents are modulated by 5-HT in the siphon and pleural SNs, which have similar properties (10) (11) (12) (13) (14) . Klein et al. (11) first characterized the K+ current reduced by 5-HT and found it is partially active at rest and further activates slowly when the membrane is depolarized to potentials from -30 to 0 mV. The 5-HT-induced reduction in this S-type K+ (S-K+) current (IKS) is mediated by cAMP (10, 11) . Because several "classical" K+ currents were unaffected by , it was believed that the modulation of IKS probably accounted for spike broadening. However, more recently, Baxter and Byrne (14) discovered that 5-HT also modulates a distinct steeply voltage-dependent K+ current that activates rapidly with membrane depolarization above +20 mV and then inactivates; we have named this current IKv,,,wly to emphasize both its kinetics and steep voltage dependence (15) . 5-HT slows both its activation and inactivation and reduces the peak current activated.
It has been difficult to evaluate which of the K+ currents reduced by 5-HT is primarily responsible for slowing repolarization of the SN action potential, in part, due to lack of specific blockers. Moreover, studies that examined spike broadening in the presence of tetraethylammonium (TEA) (16, 17) unintentionally maximized the apparent contribution of IKS because these protocols block or inactivate IKvearly (14) . Recently, two lines of evidence have been used to argue that spike broadening depends upon modulation of IKveliy and not upon modulation of IKS. (i) Baxter and Byrne (18) found that a low concentration (50 ttM) of the cAMP analog chlorophenylthio-cAMP (cpt-cAMP) could decrease IKS without either affecting IKvealy or producing substantial spike broadening. (ii) Mercer et al. (19) observed that the 5-HT receptor antagonist cyproheptadine (CYP) could block broadening, without inhibiting the increase in excitability of SNs in response to 5-HT. This dissociation led to the suggestion that these two actions of 5-HT were mediated by activation of two receptor subtypes and modulation of two different K+ currents (19) . Because IKS activates slowly, it is considered to be an important current underlying the dramatic accommodation of SNs (i.e., the decrease in firing rate during prolonged depolarization; e.g., Fig. 1B Control) (20, 21) . Much of the increase in excitability produced by 5-HT is due to a reduction in accommodation. Because this effect of 5-HT is blocked by inhibitors of adenylyl cyclase (22) and is mimicked by cAMP (18, 20) , cAMP-mediated reduction in the slowly-activating IKS has seemed a plausible mechanism for the decrease in accommodation (21) . Thus, these two papers (18, 19) suggested that whereas cAMP-dependent modulation of IKS mediated the increase in excitability, cAMP-independent modulation of IKvearly was responsible for most of spike broadening.
This conclusion that spike broadening was cAMPindependent required a substantial revision of the traditional model that much of the presynaptic facilitation at SN synapses, particularly those that had not been previously depressed, was triggered by cAMP (23 (15, 27) .
METHODS
Pleural ganglia were removed from Aplysia californica (70-200 g), partially desheathed to expose SN clusters and superfused at room temperature with normal saline (45) with 10 nM NaHepes, pH 7.6, and nutrients (22) . Electrophysiological data were acquired and analyzed digitally (22) (31) . Efficacy of inhibitors is expressed as the inhibitor concentration that produced 50% inhibition (IC50).
RESULTS
We had recently observed (22) To reexamine the requirement for cAMP-dependent phosphorylation, we pressure injected into SNs a high affinity cAMP-dependent protein kinase inhibitor (PKI), equivalent to amino acids 5-24 of the Walsh inhibitor protein (32) .
Although the final intracellular peptide concentration was not known, in pilot experiments, we found that >500 iLM Walsh PKI in the pipette was required to reliably block the 5-HTinduced increase in SN excitability, which is believed to be mediated by cAMP (18, 20, 22) . We therefore subsequently used 1 mM Walsh PKI in the pipette. Walsh PKI injection by itself had no significant effect on action potential shape [action potentials were 95.3 + 1.2 mV in height and 1.74 + 0.10 msec in width in Walsh PKI-injected neurons (n = 10) and 98.4 ± 2.0 mV in height and 1.94 ± 0.14 msec in width in vehicle-injected neurons (n = 7)]. Prior injection of Walsh PKI significantly reduced the spike broadening produced by a 2-min exposure to 20 AM 5-HT, as compared with vehicleinjected SNs in the contralateral ganglion (P < 0.001; twotailed t test) ( Fig. 1 A and C) . Increased excitability effects produced by 5-HT were also reduced (by 90.5 ± 5.0%) by Walsh PKI injection ( Fig. 1 B and D) .
It is possible that Walsh PKI inhibited spike broadening by interacting with a kinase other than PKA. In particular, activation of PKC has recently been found to broaden the SN action potential (35) (Fig. 1C) , injection of PKC- (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) produced a smaller [28.4 ± 13 .0%o (n = 5)] reduction in 5-HT-induced broadening at this same 2-min time point. Thus, the reduction in 5-HT-induced spike broadening by Walsh PKI is due to inhibition ofPKA rather than cross-inhibition ofPKC. These results indicate that at this time point, cAMP is responsible for most of the spike broadening produced by 5-HT although PKC may also contribute.
These kinase inhibitor experiments suggested that the blockade of spike broadening by CYP (19) might be due to an inhibition of 5-HT activation of the cAMP cascade. Indeed, we found that CYP competitively inhibited adenylyl cyclase stimulation by 5 Fig. 2A) . CYP also blocked cAMP-mediated effects of 5-HT in intact SNs (Fig. 2B) . Thus, the finding of Mercer et al. (19) that CYP blocks 5-HT-induced broadening of the normal action potential (without TEA) is consistent with a cAMP-dependent broadening mechanism.
One proposal that would reconcile the apparent contradiction between our results implicating cAMP in spike broadening ( Fig. 1) and the finding that 200 ,uM CYP had no effect on the decrease in accommodation produced by 5 MLM 5-HT, while blocking spike broadening (19) , would be that modulation of IKS and accommodation occurs with a substantially smaller increase in cAMP than does spike broadening. Such dramatic differences in sensitivities are possible given that phosphorylation rates by protein kinases, including PKA, can vary depending upon the substrate (39, 40) .
To test this differential-sensitivity hypothesis, we examined the relative ability of activators of the cAMP cascade to cause increased excitability and spike broadening in the SNs. The water-soluble forskolin analog, deacetyl-N-methylpiperazinobutyryl forskolin (dampb-FORSK, 100 MM; Calbiochem), a compound that activates Aplysia neural cyclase less effectively than does 5-HT (41), produced dramatic anti-accommodation (P < 0.02; two-tailed paired t test), while causing no detectable spike broadening (spike duration = 99.0 ± 1.9% of control). When the phosphodiesterase inhibitor RO 20-1724 was added subsequently, presumably causing an additional elevation in cAMP, the action potential broadened substantially (mean increase in spike duration = 47.3 ± 2.6%; P < 0.001, two-tailed paired t test, n = 7), with only a minimal further increase in excitability (Fig. 3 A, B , and D). The cyclase activator and the phosphodiesterase inhibitor acted synergistically in producing broadening (Fig.  3E ). This synergism is consistent with the two compounds interacting in elevating cAMP levels. Moreover, injection of Walsh PKI significantly reduced [by 76.0 ± 12.6%; P < 0.01 (n = 5)] the broadening produced by 100 MM dampb-FORSK plus Ro 20-1724, indicating that the broadening was mediated via PKA. These results suggest that a small increase in cAMP is adequate to produce increased excitability, whereas a higher level is required to produce spike broadening. Additional evidence that higher levels of activation of PKA are required for spike broadening than for anti-accommodation came from experiments with the cAMP analog cpt-cAMP; whereas Baxter and Byrne (18) cpt-cAMP produced a near-maximal increase in excitability with minimal broadening, we observed that 1 mM cpt-cAMP increased SN spike duration (mean broadening = 28.5 + 3.0%o; P < 0.001, paired t test) (Fig. 3 C and E) to a similar extent as 5-HT ( Fig. 1 A and C) .
One possible explanation for the observation that spike broadening requires a higher level of activation of PKA than does anti-accommodation is that these two changes in SN properties result from phosphorylation of different substrates, presumably two different K+ channels or associated proteins. Given the proposed roles of modulation of IKv.carly in spike broadening and of modulation of IKS in antiaccommodation (21) , we predicted cAMP would alter the activation of IKv,early, with an effect similar to that of 5-HT, but that a higher level of cAMP would be required than the concentration that effectively reduces IKS. To test this prediction, we examined the modulation of IKS and IKv,eaaiy by two concentrations of cpt-cAMP. To shorten the time required for the cAMP analog to act, so that both concentrations could be compared in individual voltage-clamped SNs, we adopted an approach used previously for potentiating the action of cpt-cAMP, application of cpt-cAMP in combination with aphosphodiesterase inhibitor-e.g., Ro 20-1724 (42, 43) .
IKS was identified as the current that activated slowly with membrane depolarizations to -20 mV (11, 14) . IKV .wy was identified as the large rapidly activating, transient outward current that turned on with membrane depolarization to -20 mV (14) . Consistent with the previous description of IKv,eazy (14) , these two currents could be pharmacologically separated: 4-Aminopyridine at 2 mM completely blocked IKv,.y but had little or no effect on IKS.
cpt-cAMP at 25 A&M (plus Ro 20-1724) greatly decreased the slowly activating IKS but only minimally reduced IKv~ealy (Fig. 4A) . In contrast, 250 ,uM cpt-cAMP produced a large decrease in the peak amplitude of IKvca,.ry, together with a slowing of its rate of activation and inactivation; the peak of this transient outward current shifted to 18.1 ± 1.4 msec from 12.3 ± 1.3 msec in controls ( Fig. 4A ; n = 5). These effects on IKv,eary were similar to those produced by (14) (25) have recently found that a PKA inhibitor blocks most of this effect of 5-HT. To quantify changes in outward current that would contribute to action potential broadening and anti-accommodation, we measured both the outward current 2.3 msec after a depolarizing step to +40 mV and the outward current that activated slowly after a step to -20 mV. We chose to quantify IKv.alKy at a single time point rather than measuring peak current because activation of this current is slowed by cpt-cAMP; therefore, the current at a given early time point is the more relevant index of its contribution. Whereas the slowly activating IKS was reduced >70%6 at 25 AM cpt-cAMP, the outward current at 2.3 msec decreased only 16 ± 2.5% (Fig. 4B) . Whereas the higher concentration of the cAMP analog had only a moderate additional effect on the slowly activating IKS, it produced an "3-fold additional decrease in the early outward current (Fig. 4B) . At the higher cpt-cAMP concentration, we also observed a substantial reduction in the outward current throughout the entire 300-msec step to -20 mV (Fig. 4A) . Because this additional modulated current showed minimal time dependence, it might reflect a decrease in a tonically active "steady-state" conductance. We, therefore, examined the resting conductance (gr.,) at -70 mV during exposure to cpt-cAMP; gr..t was reduced scantly at 250 jM cpt-cAMP but was unaffected by the lower concentration (Fig. 4B) . Thus, the conductance modulated at rest showed a substantially lower sensitivity to the cAMP analog than the slowly activating IKS. The differences in kinetics and cAMP sensitivity would suggest that at least three distinct K+ currents are modulated by the cAMP analog in these neurons (see also ref. 13 ). At -20 mV with high levels of cAMP, in addition to the decreases in the slowly activating IKS and the "steady state" outward current, there was also some reduction in an early transient current, possibly A current. 5-HT also produces some reduction in this early current (data not shown). (18) . These differences in cAMP sensitivity are also consistent with the proposal (18, 21) that modulation of IKv,y primarily accounts for the slowing of action potential repolarization in the SNs. However, an additional outward current also appears to be modulated at high levels of activation of PKA, as indicated by the decrease in grest (Fig. 4B ) and the reduction in the outward current throughout the step to -20 mV (Fig. 4B) . This cAMPmodulated current, which is active at hyperpolarized potentials (c-70 mV) and appears to show minimal time dependence (or very rapid activation), may correspond to the minimally voltage-sensitive S-K+ channel (12, 44) .
DISCUSSION
Thus, the reduction in outward current by 5-HT described by Klein et al. (11) may be due to modulation of two distinguishable currents: a slowly-activating K+ current with a high sensitivity to cAMP and a "steady-state" K+ current with a relatively low sensitivity to cAMP. The slowly activating IKS has been the primary focus of whole-cell voltageclamp studies (10, 11) . This insight that the macroscopic IKzs recorded from SNs may consist of two independent currents resolves an anomaly between the strikingly different kinetic properties of the whole-cell and the single-channel S-K+ currents (11, 12, 44) . cAMP-dependent reduction of this "steady-state" K+ current would contribute to a decrease in firing threshold and possibly to spike broadening in the SNs.
Thus, modulation of multiple K+ currents by a single second messenger can produce changes in accommodation, in threshold, and in spike duration at different levels of activation of the second-messenger system. One consequence of the differing sensitivities to cAMP of the various plastic processes in the SNs that are initiated by this second messenger-which include a decrease in accommodation, a decrease in threshold, a broadening of the action potential, facilitation of depressed synapses (independent of spike duration) (45) , and induction of long-term synaptic facilitation (28, 33, 34) -is that no single mechanism ofplasticity can serve as a meaningful index of either cAMP levels or the activation of other cAMP-dependent processes.
